The European Spallation Source (ESS) is going to be the most powerful spallation neutron source in the world and the flagship of neutron science in the upcoming decades. The exceptionally high neutron flux will provide unique opportunities for scientific experiments, but also set high requirements for the detectors. One of the most challenging aspects is the rate capability and in particular the peak instantaneous rate capability, i.e. the number of neutrons hitting the detector per channel or cm 2 at the peak of the neutron pulse.
tification of otherwise unmeasurable properties. This is particularly the case for complicated instruments, such as BIFROST. Development of complete and detailed instrument simulation models enables simulations from source to detectors, offering the opportunity to discover and decouple otherwise undetectable cumulative effects. These models can provide valuable input for developing calibration and correction routines for data reduction and analysis, and could later be used for experiment planning by users, to predict experimental conditions from specific proposed samples, i.e. sample size and composition.
To make such full instrument simulations possible [7, 11] , advanced simulation tools like NCrystal [10, 12] have been developed, which enables Monte Carlo simulations of thermal neutrons in crystals, and Monte Carlo Particle List (MCPL) [13, 14] , which enables communication between different software packages. These tools can greatly enhance the capabilities of the existing and widely used simulation software like McStas [15, 16] and Geant4 [17, 18, 19] .
In this study multiple Monte Carlo simulation tools are used together to implement a full simulation model of the BIFROST instrument from the neutron source to the detector position. This full model is then used to estimate the incident detector rates that are anticipated in the case of the highest possible incident neutron intensity -that will be consequently mentioned as 'worst-case' -and normal-use scenarios. Based on these studies the detector requirements for rate capability can be extracted.
In the following sections, the instrument and simulation models geometries and tools are introduced first, followed by the presentation of incident rates for elastic peaks for various instrument parameters, sample types, sizes and mosaicities, along with a demonstration of the differences between McStas and Geant4 simulation results. The study concludes with the demonstration of the elastic signal of a standard calibration sample.
BIFROST instrument and simulation model

The BIFROST instrument
BIFROST is a 162 m long cold neutron spectrometer intended to be built as a first tranche instrument for ESS. It combines an indirect geometry time-offlight (ToF) front end, and an angular and energy multiplexed crystal analyserbased back end. A back end similar in principle to that installed recently at the CAMEA spectrometer at the PSI [20, 21] . BIFROST is designed [22] to maximise the use of the ESS long pulse to enable measurements on small samples and study dynamic properties, under extreme conditions with controlled temperature, pressure, and magnetic fields. The envisioned application fields include materials science, magnetism, life sciences and planetary sciences [5] .
The instrument consists of three main technical subsystems: the beam transport and conditioning system, the sample exposure system and the scattering characterisation system. The schematic model of the instrument is depicted in The beam transport and conditioning system is relatively simple. It has a curved guide section inside the bunker to lose line-of-sight, and four choppers as the only moving parts. Three of these choppers are placed inside the bunker and the fourth one in placed in the middle of the instrument. The first one is a pulse-shaping chopper, that is the only chopper determining the energy resolution. The other three -two Frame Overlap and one Bandwidth Chopper -serve to sort out unwanted frames from the fast pulse-shaping chopper and to avoid pulse overlap at the sample position respectively. The pulse-shaping chopper can reduce the ESS pulse width by a factor of up to 30 to match the best analyser resolution, or allow the full pulse to reach the sample that will result in a relaxed resolution but an order of 10 10 n/s/cm 2 flux on sample. It is this mode which poses the greatest rate challenge for the detectors. The sample exposure system allows measurements with strong magnetic field, high pressure and cryogenic temperatures. One of the main limitations today in single crystal neutron spectroscopy is that measurements are only possible with large samples, which are not available for many sample types, but BIFROST will enable the study of sub-cubic millimetre samples thanks to its exceptional flux on sample and the efficient scattering characterisation system. The scattering characterisation system in Fig. 2 consists of the filtering system and the secondary spectrometer tank, covering a 90 • scattering angle in the horizontal plane in two tank settings. The filtering system, that is essential for background reduction on BIFROST, includes a cooled beryllium filter with roughly 90% transmission of neutrons with an energy below 5 meV(4.05Å) but very low transmission of neutrons with energies above, and coated lamellas as a radial collimator [24] .
The secondary spectrometer tank houses multiple sets of analysers and detectors for different neutron energies, arranged in nine so called Q-channels.
Depending on the scattering angle of a neutron on the sample, it enters one of the Q-channels, which are separated by cross-talk shielding between them. In each Q-channel, several crystal analyser arcs are placed one behind the other to ing (see Fig. 2b ). Further cross-talk shielding is applied to ensure that neutrons can reach the detectors only by scattering from the corresponding analyser arcs.
With this arrangement, BIFROST utilises a variant of a novel analyser setup called CAMEA [21, 20] , an acronym for continuous angle multiple energy analysis. Enabling multi-energy analysis in a single Q-channel by placing the analysers for higher neutron energies behind the ones for lower energies is possible due to the high transparency of the 1 mm thin highly-oriented pyrolytic graphite blades [25] . The blades to be used have high mosaicity (60 arcmin) to apply the prismatic analyser concept [26] , using 3 He detector triplets for all five neutron energies chosen for BIFROST (2.7 meV, 3.2 meV, 3.8 meV, 4.4 meV, 5.0 meV) in each Q-channel. According to the prismatic analyser concept, each of the three detectors of a triplet records a slightly different region of energy due to the high analyser mosaicity, as neutrons with different energies are scattered in slightly different directions.
In order to provide enough space for the detector tubes, the analysers and corresponding detectors in adjacent Q-channels are slightly shifted radially. The sample-analyser distances are increased or decreased by 4.6-7.5% in two out of three Q-channels, however the analyser-detector distances are kept unchanged to keep the detectors of same energy on the same vertical planes and by that keeping the spectrometer tank geometry simple. As a result, the sample-analyser distance is shorter or longer than the analyser-detector distance in two out of three Q-channels, showing a slight asymmetry to the Rowland-geometry. The three different type of Q-channels are repeated three times, giving the nine Q-channels a "triple stagger" geometry.
The simulation of the BIFROST instrument is divided into two parts: the simulation of the 162 m long beam transport and conditioning system until the end of the last guide section, and the simulation of the sample and scattering characterisation system together (see Fig. 3 ). The first part is done using Mc-
Stas only; the second part is implemented and simulated in both McStas and
Geant4, in order to compare the results of these simulation tools and to demonstrate why it is advantageous to use Geant4 for the back-end of the instrument.
The transition between the two parts is facilitated by the aforementioned MCPL tool, that is a binary file format dedicated for storage and interchange of particles between various Monte Carlo simulation applications, like McStas, Geant4,
McXtrace [27] and MCNP [28] . For the simulation of neutron transport in crystalline materials, NCrystal is used in both McStas and Geant4. In the next subsections all simulation tools and models are introduced. 
McStas model
McStas [15, 16] is a Monte Carlo simulation tool dedicated for simulation of neutron scattering instruments and experiments. It is user-friendly, cross-platform, open source and uses a ray-tracing algorithm which enables fast neutron transport simulations over long distances and through many components, that is necessary for long instruments like BIFROST.
For the simulation of neutrons from the source to the end of the beam transport and conditioning system, a previously developed available McStas model of the instrument is used [29] . This model, depicted in Fig. 4 contains the butterfly moderator source ("ESS butterfly") [30, 31] , the four choppers, all guide sections, and several McStas monitor components to characterise the beam at multiple locations along the guide. The source is used with the highest intensity, so the deduced rate numbers in this paper correspond to the maximum accelerator power of 5 MW. Expected rates will scale linearly with source power propagates neutrons from component to component in the exact order as they appear in this file. All neutrons that miss or do not interact with the component downstream are removed from further simulation. This process makes the simulation of long instruments really fast, but on the other hand restricts the neutrons to follow one exact path, that does not allow the simulation of multiple Q-channels simultaneously. It is possible to change this behaviour by grouping components together, as described in the users and programmers guide [32] .
This way it is possible to some extent to split the beam, by having a group of components as the potential next target of neutrons, but after the interaction with one of the group members, McStas tries to propagate all neutrons to the same component that appears next in the instrument file. This means that if a user wants to split the beam and allow propagation in multiple directions through different components, consecutive groups must be implemented, all of which include the subsequent component in each direction. Extensive use of such grouping makes the instrument file immensely complex and still prohibits multiple interactions within one group, or back and forth propagation between groups of components.
For these reasons, only one Q-channel is implemented within which this technique is used to handle the five sets (arcs) of analyser blades, all of which divide the beam into the partition that is scattered towards the detectors and the partition that is propagated towards the next set of analysers (or the beam stop behind the last set). In order to allow neutrons to proceed without interaction with a set of analyser blades -due to transmission or simply avoiding them all -an extra virtual component is added to each group, that mimics an interaction without changing the neutron state, and thereby prevents neutrons to be removed from the simulation. As mentioned, neutrons still have to follow the order of the groups, so back-scattering or multiple scattering among blades of the same arc is still not possible in the simulations.
Although the cross-talk shielding between energy-and Q-channels is not explicitly included in the model, as a consequence of the above described process, a neutron can reach a particular detector tube only by scattering in one of the corresponding analyser blades. This is practically equivalent to an ideal crosstalk shielding absorbing all stray neutrons. The case is similar for the filtering system, that is replaced by a monitor component, that transmits all neutrons below 7 meV energy and none above. As mentioned earlier, the transmission of beryllium drops sharply around 5 meV, that is in fact the highest of the five final energies selected by the analysers. Simulation of effects of this transition in the transmission is out of the scope, and using ideal transmission in the 0-7 meV energy region keeps the rate estimates conservative.
The intent is to determine the incident detector rates, therefore the simulation of the detection process is out of scope. Detectors are modelled with McStas monitor components, and a neutron is counted as incident for a detector tube if it crosses the plane at the centre of the detectors within the outline of that particular tube. The sample-analyser distance is equal to the analyser-detector distance, meaning that symmetrical Q-channels are modelled.
As this subsections demonstrates, using McStas to model such complex system as the analyser-detector system of BIFROST in detail is not straightforward and is subject to certain limitations.
McStas version 2.5 is used for the simulations.
Geant4 model
Geant4 [17, 18, 19 ] is a general purpose Monte Carlo particle transport toolkit developed at CERN with applications in many fields, e.g. high energy physics, nuclear physics, accelerators and medical physics. Its usability for simulation of neutron detectors has been greatly improved by the ESS Detector Group by building a framework [10, 33] 
NCrystal
NCrystal [10, 12] is a novel open source software package for modelling ther- NCrystal focuses initially on scattering in single-crystals or polycrystalline materials and powders. Most single crystalline materials are appropriately modelled with crystallites orientated around some reference orientation with a Gaussian distribution that has a standard deviation of the mosaicity of the crystal.
There are, however, single crystalline materials with crystallite distributions so different from Gaussian that this approximation does not hold. One of these materials is pyrolytic graphite, that is widely used as a monochromator and analyser in neutron instruments. This is precisely the case for BIFROST, where 369 highly oriented pyrolytic graphite analyser blades are used altogether in the nine Q-channels. Graphite has a layered structure, made up of graphene sheets in which carbon atoms are arranged in a hexagonal lattice. In highly oriented pyrolytic graphite the crystallite axes orthogonal to the graphene sheets are distributed along a preferred direction, suitable for description with a Gaussian mosaicity distribution, but the orientation around this axis is completely random, resulting in powder-like features in neutron scattering. Recent developments enabled NCrystal to handle materials with this kind of structure by using a specialised model for layered crystals.
As mentioned earlier, NCrystal is used for the crystalline materials both in 
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Geant4 hadElastic process Geant4 nCapture process NCrystal scatter process NCrystal absorption process With the simulation models and tools described in this section, a detailed analysis is carried out, in order to give an estimate of the incident rates that are anticipated for detectors at BIFROST. The incident detector rates for elastic peaks using various samples and instrument parameters are presented in the next section, as well as a comparison of results with McStas and Geant4 simulations.
Incident rates for coherent elastic peaks
Determination of anticipated detector rates for an instrument is a key part of defining requirements for the detectors to be used. It can prevent the detector rate capability from becoming the bottleneck of experiments or a source of performance degradation. For this reason, the simulation tools and models described in the previous section are used to determine the highest timeaveraged and the highest instantaneous (peak) incident rates for the detector tubes. These rates are determined for the worst-case and for more realistic operational conditions.
The worst-case incident rate for a single detector tube occurs when a strong Bragg peak from a single crystal sample gets reflected to it. To get such elastic scattering on the sample, Bragg's law must apply:
where d hkl is the interplanar distance of the crystal, θ is the scattering angle, n is a positive integer and λ is the wavelength of the incident neutrons. To get neutrons scattered on the sample onto the detectors, their energy has to match one of the energies selected by the analyser arcs. Based on the ESS source spectum, the guide transmission and the energy resolution of the analysers, the highest incident rates are expected for the 5.0 meV (4.045Å) neutrons. This sets the requirement of the lattice parameter being larger than 4.045/2Å, according to Eq. 2, derived from Eq. 1.
Regarding highly reflective materials that would result in the highest detector rates, the truly worst-case sample would be a pyrolytic graphite single crystal (d 002 =3.3555Å), but to get results from a less unrealistic sample with large enough lattice parameter and strong Bragg peak, simulations are also done In order to realise the simulations, the samples are oriented to fulfil the Bragg law criteria for the incoming 5 meV neutrons on the selected scattering planes, and the single Q-channel modelled is rotated according to the resulting scattering angle. In BIFROST the whole scattering characterisation system can be rotated around the sample, so having a Bragg peak from any sample in the exact direction of a single Q-channel is perfectly realistic.
The simulation with the parameters described above is done in two steps.
First, the neutron transport from the source to the end of the beam transport and are therefore absent from the analyser transmission spectrum. The time-averaged neutron intensities acquired by the integration of the energy spectra are shown in Tab. The structure of the energy spectrum of the detector triplet is the result of summing the spectra of all three detectors, as depicted in Fig 9. As mentioned earlier, the analysers scatter neutrons with slightly different energies in different directions due to their high mosaicity, according to the prismatic analyser concept. As a result of this vertical spread, the three detectors of the triplet record slightly different regions of energy. It is not only the analysers, that spread the beam due to their high mosaicity, but the sample too. The sample spreads the neutron beam horizontally, by scattering neutrons with higher energies in larger, and neutrons with lower energies in smaller angle than the scattering angle given by the Bragg formula (Eq. 1). The combined effect of these processes is visible in Fig 10, showing a diagonal shape in the time-averaged neutron intensities in the plane over the detector tubes.
Integrating the incident neutron intensities in Fig. 10 tribution of a single pulse on the 5 meV detectors is depicted in Fig. 11 . By taking into account only those neutrons which arrive to the detectors at the peak of their ToF distribution in a short time range of 0.1 ms (see Fig. 12 ), the integration over the areas of the detector tubes gives the peak incident rates, 
Yttrium oxide sample
To give an impression on how the rates change with a different single crystal that is not the worst-case sample but also has a strong Bragg peak, the same simulation and analysis process is repeated using an Y 2 O 3 sample. Doing the calculations only for the incident neutrons that arrive at the peak of the ToF spectra of each tube, the peak incident rates presented in Tab. 6 are acquired. The peak incident rate for a single detector tube with an Y 2 O 3 sample is found to be 1 GHz.
Comparing the time-averaged and peak rates to those acquired for pyrolytic graphite, both are lower by a factor of 1.7 but still on the order of 10 MHz for time-averaged and GHz for peak rates. This means that even with a non-worst- further simulations are only performed using the Geant4 model of the sample and the scattering characterisation system. In the subsequent subsections multiple parameters are scanned in order to determine their effect on the incident detector rates, and to prove that the results presented above can be regarded as the worst-case incident rates. The change in the incident detector rates due to modifying the studied parameters are expected to have the same trend for all single crystals, so all simulations are done using the Y 2 O 3 sample.
Sample mosaicity
The mosaicity of the sample has multiple effects on the neutron beam Braggscattered on a selected scattered plane toward the Q-channel. A sample with higher mosaicity scatters neutrons of a wider energy range, as the higher spread of crystal plane orientations enables them to fulfil the Bragg-criteria. This is also true for a wider incident angle range, meaning that neutrons of a divergent beam with higher incident angle have the possibility to be Bragg-scattered on the selected scattering plane. This higher spread of crystal plane orientations, on the other hand, lowers the probability of neutrons with energy and incident angle close to the ideal values to be scattered. The cumulative effect is depicted in Fig. 15, showing The energy spectra of the beam at the 2.7 meV analyser arc shows that the sample with higher mosaicities scatters neutrons of a wider energy range toward the analysers, as expected. It also shows that the intensities at this point of the instrument are getting higher for mosaicities up until 80 arcmin and therefore intensities for 80 arcmin are higher than those for 60 arcmin. It is the energy spectrum of neutrons hitting the detector triplet for 5.0 meV, that shows that these additional neutrons do not reach the detectors, as the highest intensities are found at 60 arcmin sample mosaicity. The resulting time-averaged and peak incident rates of the central detector tube are presented in Tab. 7.
The results are in compliance with the expectation that the highest rates occur when the mosaicity of the sample matches that of the analysers, but also show that within the ±20 arcmin range it is a less than a 10% effect. 
Analyser mosaicity
The mosaicity of the analysers is a fixed value of 60 arcmin for BIFROST, but it is worth briefly investigating how it would affect the rate of the detector tubes. Fig. 16 The spectra of the three tubes separately show that for mosaicities below 40 arcmin the two tubes on the sides are under-illuminated compared to the tube in the centre. In order to apply the prismatic analyser concept, the analyser mosaicity has to be large enough to sufficiently cover all used detectors.
Increasing the mosaicity above 40 arcmin, the intensity in all three tubes is getting slightly lower. The resulting time-averaged and peak rates of the central detector tube are presented in Tab. 8.
The results show that the incident rate in a single detector tube could be 13-14% higher in the central tube with 20 arcmin mosaicity compared to the result with 60 arcmin, but the mosaicity has to be higher to apply the prismatic analyser concept, and in the range of 40-80 arcmin the change is less than 10%.
Sample size
Sample size is the limiting factor in many scientific cases, as it is not easy to grow large samples of some types. The beam delivery system of BIFROST is optimised for sample cross-sections up to 15×15 mm 2 but the realistic sample sizes for the intended applications are much smaller than that, with an expected minimum sample size going down to 1 mm 3 . In order to investigate the effect As expected, the larger the sample, the higher the intensities are. By reducing the sample size parameter (height and diameter) from 15 mm to 5 mm and 1 mm, the time-averaged incident rate of the center tube drops by a factor of 10.5 and 900 respectively. Due to the better resolutions in case of smaller samples the drop in the peak incident rate is lower, a factor of 10.3 for 5 mm and a factor of 650 for 1 mm.
Another effect of the better resolution is visible in the energy spectra of the detector triplets, where the three-peak structure is more apparent for smaller samples. time-averaged incident rates between the high flux mode (5 ms) and the high resolution mode (0.1 ms) is approximately a factor of 20 for both the detector triplet and the central tube. Regarding the peak rates in the central tube, however, this drop is less apparent. The highest rate for a 3 ms opening time is the same (within statistical uncertainty) as the rate for 5 ms, and the difference compared to 0.1 ms opening time is only a factor of 6.8. The reason for this difference is the better ToF resolution with shorter pulse-shaping chopper opening times. The higher time-averaged rates are distributed over a longer period of time on the detectors, as it is demonstrated in Fig. 19, showing The longer the opening time, the broader the ToF peaks are. This directly affects the energy resolution, and also increases the dead time in case of saturation. If one tube of a triplet is saturated, then none of the three can read out data, as they are connected in series. This means that for the detector triplet in the presented case for 5.0 ms pulse-shaping chopper opening time no data is recorded for more than 7 ms.
Elastic peak rates in representative operational conditions
Parameters chosen in section 3.1 correspond to possible worst-case scenarios and rates acquired are far above the capabilities of 3 He tubes. However, the combination of a strongly scattering large sample and the highest flux mode is rather artificial, so it is worth evaluating a more representative operational scenario.
BIFROST is designed for small samples, as sample size is the limiting factor in many science cases. Hence, cm-size crystals are not to be expected very often, only large samples with small magnetic moments, and therefore small magnetic Bragg peak intensity. There is another parameter directly affecting the intensities but not discussed yet, the accelerator power of the ESS source.
As mentioned earlier in section 2. There are factors not taken into account in the current study, that may further reduce the intensities slightly on the detectors, like the non-ideal transmission of the filtering system, and the effect of the divergence jaws applicable for reducing the angular spread of neutrons.
Simulation with full scattering characterisation system
The previous sections were aimed to define the highest incident rates a detector tube can experience using different instrument and sample parameters in The sample selected for this simulation is vanadium, that is assumed to be an incoherent elastic scatterer which scatters isotropically and therefore it is used to calibrate the incident neutron intensity and the detector efficiencies in neutron spectrometers [34] . The transmission through the sample is only 23% -much lower than it is for pyrolytic graphite (80%) or Y 2 O 3 (77%) -with no peaks missing from the spectrum, as expected from a sample scattering mainly incoherently. The wide spectrum of the 2.7 meV analysers also shows that neutrons are not coming from an elastic peak, but despite the wider energy range, a logarithmic scale is needed as the integrated intensity is more than 2 orders of magnitude lower The trends in the results demonstrate the combination of three effects. In each Q-channel the detector triplets for higher energies experience higher incident rates due to the wider energy ranges selected by the analysers, as shown for the central Q-channel earlier in this section. The second effect has roots in the "triple stagger" geometry and the asymmetry of the Q-channels described in section 2. tances becomes important. This effect on the rates is somewhat blurred by the third effect caused by the anisotropy of the scattering cross-section in vanadium. For the observed energies the scattering cross-section of vanadium is higher for higher scattering angles [35] . This results in generally higher rates for Q-channels positioned for higher scattering angles, but due to the asymmetry of the adjacent Q-channels, it is most apparent when comparing Q-channels of the same symmetry, like 2, 5, 8.
Conclusions
BIFROST is an indirect ToF spectrometer at ESS and one of the first eight instruments to be constructed. One of the most challenging aspects of its operation is the rate capability and in particular the peak instantaneous rate capability, i.e. the number of neutrons hitting the detector per channel at the peak of the neutron pulse. There is no scientific reason to measure the elastic peaks as they are considered background for this instrument, however it is vital that the detectors are not degraded by such intensity and remain capable of measuring weak inelastic signals, as soon as possible after saturation. This implies that the detector aspects of recovery time and high rate tolerance have to be carefully evaluated by measurements to prove that scientific performance will be intact.
A detailed methodology for acquiring the results is presented. The full simulation of the instrument from source to detector position is carried out using multiple simulation software packages. A flexible model of the sample and the scattering characterisation system of BIFROST is implemented in both McStas and Geant4 and a comparison of their strengths and weaknesses is presented.
The capability of both simulation tools is enhanced by the NCrystal library and associated tools. The first application of the special NCrystal pyrolytic graphite is presented, demonstrating its capabilities for modelling analysers for neutron scattering applications.
McStas is capable of simulating instruments as long as 160 m, and even handling beam splitting to some extent, to treat simulations with multiple set of analysers, however the latter comes with great complexity and some limitations, as it is not within the natural usage of this simulation software. Geant4 on the other hand is not suited to simulate the beam transport system of an instrument, but with the use of NCrystal, it is an entirely appropriate tool for a The primary purpose of this work is to provide an estimate of the incident rates that are anticipated for the BIFROST instrument, and also to demonstrate the use of powerful simulation tools for the correct treatment of neutron transport in crystalline materials. The incident detector rates anticipated for the BIFROST instrument for different configurations are presented. For instrument configurations and sample parameters representing worst-case conditions, it is determined that the peak rate can reach the value of 1-1.7 GHz for a single detector tube with time-averaged rates of 40-70 MHz. These tubes are expected to reach saturation well below that, at 50-100 kHz. These tubes will also be saturated for a minimum of 5 ms, but the saturation deadtime for detecting signals is more like 7 ms because the counting detector tubes are coupled in triplets.
To overcome challenges caused by these rates, an operational evaluation of a measurement strategy will be the key to the successful operation of this instrument. More "everyday" realistic samples give a lower rate challenge, however these samples will still saturate detectors.
A simulation with the full analyser system is presented using a common calibration sample. This model can now be used to predict experimental conditions from specific proposed samples, i.e. sample size and composition for experiment planning purposes for users.
The results here show the potential power of source to detector simulation for neutron scattering. These simulations are now possible due to tools recently developed. It is now possible to realistically simulate very complex systems.
